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ABSTRACT
Removal potentials of a surfactant modified zeolite (SMZ) and clay (SMC) for atrazine adsorption
were evaluated. Materials were modified with hexadecyl trimethyl ammonium bromide (HDTMA-
Br) and benzyl octadecyl dimethyl ammonium (BODA) chloride considering the critical micellar
concentration (CMC) of each one (0.94 and 0.041 meq/L, respectively). The influence of the
surfactant was analyzed in detail, particularly the formation of surfactant layers (complete or
partial) connected with the length of the surfactant tail (16 and 18 methyl groups or number of
carbons in the chain). Raw materials were characterized by XRD and Fourier transform infrared
spectroscopy (FTIR), SMZ and SMC were analyzed by FTIR. Results obtained from kinetic
adsorption experiments shown that equilibrium time is less for materials modified with HDTMA
(8 h) than materials with BODA (10 and 12 h). Materials modified with the largest chain
surfactant (BODA) showed more resistance to atrazine masse transference. The chemisorption
was presented in the adsorption mechanisms of atrazine and adsorbent materials. Based on the
results of adsorption isotherms Langmuir isotherms showed the better correlation coefficients
value. The qmax is greater for materials modified with BODA (0.9232 and 4.2448 mg/g) than for
materials modified with HDTMA (0.6731 and 3.9121 mg/g). Therefore, SMZ and SMC modified
with the largest chain surfactant has more affinity for the pesticide. The removal process at high
concentration of atrazine depends of the partition process but at lower concentration, it occurs
not only by this process but also by absorption process.
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1. Introduction
The vital importance of agriculture is as well recognized
as the usefulness of pesticides in mitigating disease-car-
rying pests [1] and weed control. However, pollution by
pesticides is a problem due to its potential toxicity to
animals, plants and humans. Because the aquatic
environment is the ultimate recipient of the pollutants
produced by natural and anthropogenic sources, the
accumulation and persistence of pesticides in the
aquatic environment constitutes a threat to biological
life [2]. Due to regulatory authorities concern about this
problem, more than 394 pesticides human health bench-
mark have been developed by the Environmental Protec-
tion Agency in order to determine potential health risk in
drinking water or source water [3].
The pesticide atrazine is a herbicide which has been
developed to avoid the growth of no wished vegetation
in various crops. It is highly persistent in the environment
due to its resistance to abiotic hydrolysis (stable at pHs 5,
7, and 9), its limited volatilization potential and is only
moderately susceptible to aerobic biodegradation. Atra-
zine does not get adsorbed to soil particles strongly and
therefore has a relatively high potential to contaminate
ground and surface waters despite its moderate solubi-
lity in water (33 mg/L at 20°C) [4]. Although it has been
banned in the European market since 2004 and has
been considered priority substances in the field of
water policy since 2001 its occurrence and persistence
in groundwater are of concern [5]. Atrazine quantities
greater than permissible limits have been found in
groundwater in China (3.29 µg/L), EUA (88 µg/L), Italy
(8.2 µg/L) and Mexico (21.26 µg/L) [6]. For these
reasons, the use of atrazine is highly controversial [7].
Many investigations focusing on its effect on rodents
[8], arthropods [9], wide diversity of aquatic fauna
[10,11] and aquatic plants [12] showed the toxicity of
atrazine in many different concentration above its
upper limit.
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Since organic pollutants, such atrazine, are transferred to
surrounding surface and groundwater [13], many research-
ers have been focused on removal methods such as biode-
gradation of atrazine by microbial consortium [14],
ozonation [15], ultrasonic destruction [16], among others.
However, due to its high chemical and biological stab-
ility, most conventional water treatment techniques,
except for adsorption, have low removal efficiency for
atrazine from water [4]. Abu-Zreig et al. [17] determined
that a mechanism to remove atrazine could be the
adsorption of surfactants by soil constituent. Application
of surfactants to soil in a concentration of 3000 mg/L can
result in a significant increase of atrazine adsorption.
Bentonite is a clay mineral and maybe one of the most
abundant clay rocks with exceptional adsorption proper-
ties. The main clay mineral present in bentonite is mon-
tmorillonite, which belongs to the smectite mineral
group [18]. Structurally, in clay minerals the tetrahedral
sheet is always combined with an octahedral sheet. A
cation (Al3+, Mg2+, Fe2+) is surrounded by six neighbors
(oxygens or hydroxyls). Throughout the mineral, there
is a tetrahedral/octahedral (TO) layered structure with
tight packing between the layers [19]. Mordenite is
widely used zeolite used as adsorbent for water purifi-
cation. It is abundant in nature as a mineral with high
purity, though some sources contain admixtures of iron
oxides, mordenite and quartz [20]. On the other hand,
zeolites are crystalline aluminosilicates with open 3D fra-
mework structures built of SiO4 and AlO3 tetrahedra
linked to each other by sharing all the oxygen atoms
to form regular intra-crystalline cavities and channels of
molecular dimensions [21].
Zeolites and clays have permanent negative charges,
which are compensated with the named ‘exchangeable
cations’. These exchangeable cations are located and
available for interchange in the interlayer space of bento-
nite sheets [18] and on the surface of zeolites [21]. There-
fore, clays possess fairly a high cation exchange capacity
(CEC) [22].
Although clay and zeolites were used widely to remove
inorganic pollutants from wastewaters [23,24] they showed
insignificant applicability in the treatment of several
organic pollutants having non- or low-polarity. However,
some modifications could be done on the materials to
provide them with specific characteristics. Surfactants
are high-molecular-weight quaternary ammonium salts,
which dissolve in water and hydrolyze to an inorganic
ion (-Br or -Cl) and an organic cation, which is exchange
for the clay and zeolite exchangeable cations during the
modification process. The surfactant concentration in the
modified solution is relevant because a low concentration
may be formed a partial layer of surfactant, while at high
concentrations the orientation of the organic molecules
may not be adequate for simple or double layer formation
[25]. Depending on the layers formation, the modified
materials possess an enhanced organophilicity and this,
perhaps, be effective in attenuation of several organic pol-
lutants from aqueous solutions [26]. Neutral species, such
as atrazine, can partition into the hydrophobic layer
formed after surfactant modification [27].
Subsequent researchers reported that the lyophilic
tails from cations of long-chain quaternary ammonium
salts, previously retained on the clay or zeolites, lead to
the adsorption of atrazine increasing its capacity more
than 50% [28,29]. Moreover, Xie et al. [30] showed that
the amount of surfactant loaded increased (coverage
from 105 to 208) with increasing chain length (from 1C
to 22C) and at the same time the organic substance
adsorption increment (more than 80%). In addition,
they noted that long chain length, high surfactant cover-
age and ordered chain conformation are the influential
factors for the adsorption of organic pollutants.
In this work, a Mexican clay and a Cuban zeolite with
relatively high CEC were selected as principal material.
The SMC and SMZ were prepared with two different
long chains surfactant loadings (hexadecyl trimethyl
ammonium (HDTMA) and BODA) with 16 and 18
methyl groups. In this study, the surfactants’ retained
amount was followed to investigate their influence on
atrazine removal, and the effect of the surfactant chain
length was evaluated. Materials after and before de-
modification process were characterized by Fourier
transform infrared spectroscopy (FTIR) and scanning
electron microscopy (SEM). Finally, the adsorption
capacity of these materials toward atrazine was investi-
gated through a series of batch experiments under
experimental conditions.
2. Materials and methods
2.1. Materials
The zeolitic material used in this work was: zeolitic tuff
from Palmarito del Cauto, Santiago, Cuba (Z1) and a com-
mercial bentonite clay (CB) purchased from Sigma-
Aldrich, México. The total CEC of CB was 0.82 meq/g. All
materials were grinned, sieved and characterized.
Atrazine standard, used in this research, was supplied
by SIFACTEC S.A. de C.V. Working solutions were pre-
pared by diluting the stock solutions first with methanol
and then with distilled water. The standard stock was
stored at 277 K and used to prepare dilute solutions.
The cationic surfactant, HDTMA-Br (C19H42NBr, FW:
364.46 mol/g) with a purity of 99%, was purchased
from Sigma-Aldrich and the benzyl octadecyl dimethyl
ammonium chloride (BODA-Cl, C27H50NCl, FW:
2 H. P. TOLEDO-JALDIN ET AL.
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424.15 mol/g) was supplied by Organo Síntesis S.A.
de C.V. The critical micelle concentration (CMC) of
HDTMA-Br is 0.94 meq/L, as estimated by conductivity
measurements of aqueous HDTMA-Br solutions at
different concentrations [31]. The CMC of BODA-Cl is
0.041 meq/L estimated by Lien [32].
2.2. Methods
2.2.1. Preparation materials
Zeolite material Z1 was treated with NaCl solutions to
obtain a homoionic material. 50 g of Z1 was introduced
in a batch type treatment with 500 mL of 0.1 M NaCl sol-
ution in reflux for 3 h. Then, the phases were separated
and the zeolites were once more placed in a reflux in
the same conditions with fresh solutions. The material
was washed until the complete elimination of chloride
was confirmed by the AgNO3 test.
The external cation exchange capacity (ECEC) of Z1
were determined by the adsorption of methylene blue
(MB). The ECEC value was measured by the retention of
MB, a cationic dye, which is too large to intercalate into
the internal pores of zeolite, and is known to form mono-
layer coverage on the surface [33]. 20 mL of the aqueous
solutions of MB (from 5 to 200 mg/L) were added to 0.1 g
of Z1 samples. The tubes were then shaken for 24 h at
298 K. After that, suspensions were centrifuged and
supernatants were determined by a spectrophotometer
(UV-VIS Perkin Elmer Lambda 10) at 668 nm directly for
MB [30]. The maximum adsorption capacity of Z1 was cal-
culated and associated with the external CEC.
The material CB and Z1 were modified with both sur-
factants, each one with a different surfactant concen-
tration because CEC values and surfactant CMC are
unlike. Concentrations for CB were established above
the CMC of each surfactant. The mass of surfactant was
compared with the CEC of each material and was calcu-
lated by the following equation:
nsol
mc
= 2CEC. (1)
Concentrations for Z1 modifications were equal to the
CMC. The amount of surfactant was calculated with the
following equation:
nsol
mz
= CEC, (2)
where nsol is the number of moles in terms of miliequiva-
lents (meq) of surfactant calculated from the concen-
tration (mmol/L) and volume (mL) of the solution, mc is
the mass (g) of clay and mz is the mass (g) of zeolite.
This modification was made by considering previous
works [34] and applying the same time, temperature
and agitation conditions for CB and Z1 (48 h, 30°C and
100 rpm). Materials CB and Z1 modified with HDTMA
were labeled as CB-HDTMA and Z1-HDTMA, while CB
and Z1 modified with BODA were labeled as CB-BODA
and, Z1-BODA, respectively.
After the modification, Z1-HDTMA, Z1-BODA, CB-
HDTMA and CB-BODA were separated from the solution
by filtration and washed with deionized water to remove
any surfactant excess and a negative bromide and chlor-
ide test was performed [35].
The amount of surfactant retained in each material
was estimated using the concentration of carbon in the
modified materials. The carbon was estimated using a
CHNS-O analyzer, CE-Instrument model EA-1110. The
concentration of surfactants C(s) in every material (in
mol/g) was calculated from the following equation:
C(s) = Cc(nc ·Mc) , (3)
where Cc is the carbon content in the sample in weight,
nc the number of carbon atoms (in HDTMA: nc = 19, in
BODA: nc = 27) and Mc the molecular mass of carbon
(mol/g) [36].
2.2.2. Characterization materials
Z1 and CB were characterized by X-ray diffraction (XRD)
for phase identification using a Bruker D8 advance instru-
ment with Cu target with secondly monochromator
30 kV, 25 mA.
The infrared spectra (IR) in the 400–4000 cm−1 range
with a resolution of 4 cm−1 and 32 scans sweep were
recorded for the adsorbents at room temperature,
using a Bruker Tensor 27 FTIR attenuated total reflection
(ATR). The samples did not require previous preparation
due to the ATR attachment.
2.2.3. Adsorption kinetics
Kinetic experiments were performed in a batch mode
using 100 mg of adsorbents and 10 mL of atrazine sol-
ution with concentration of 5 mg/L at constant tempera-
ture 298 K and the pH-value was close to 6–7 without
any adjustment. The glass flasks were shaken at
100 rpm. One sample was prepared without any adsor-
bent to accurately determine the initial concentration
of the solution. Samples were collected at different
time intervals (15 min–24 h) in order to determine the
optimal contact time. The collected samples were separ-
ated, zeolite was decanted and bentonite samples were
centrifuged for 5 min in a HETTICH EBA-20 centrifuge at
4000 rpm and aqueous solutions were analyzed on a UV–
Vis spectrophotometer Perkin Elmer Lambda 35 at
222 nm.
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To illustrate the adsorption process and provide
insights into possible adsorption process, a pseudo-
first-order, pseudo-second-order and Intraparticle Diffu-
sion models [37,38] were used to fit the experimental
data. Regression coefficients of these models were calcu-
lated to determine the best fitted one. The applied soft-
ware used for this purpose was ORIGIN 8.1™.
2.2.4. Adsorption isotherms
The equilibrium adsorption isotherms were conducted
by adding a constant dose of Z1-BODA, Z1-HDTMA, CB-
BODA and CB-HDTMA (100 mg) into 10 mL of atrazine
solutions with initial concentrations from 2 to 50 mg/L
at equilibrium time. The pH of the mixture was 7
without any further adjustment during experiments.
The mixture was maintained at a setting temperature
of 298 K and stirred at 100 rpm.
Adsorption isotherms models provide practical infor-
mation such as the capacity of the adsorbent and infer-
ences on possible mechanisms of the adsorption
processes [39]. Two adsorption isotherms models were
applied to describe the results, the nonlinear form of
Langmuir and Freundlich [37]. The same software of kin-
etics data was applied.
Since it is possible to find two types of interactions
(adsorption and partition) between organic compounds
and SMC or SMZ, adsorption/partition model was
applied [40].
3. Results and discussion
3.1. Preparation materials
The external CEC of Z1 was found to be 0.23 meq/g. It has
been recognized that the length of the surfactant hydro-
carbon chain plays a prominent role in determining the
critical concentration for the formation of micelles
(CMC). The longer the carbon chain length, the greater
the hydrophobic interaction between alkyl chains, and
the lower the value of the CMC [30]. For this reason,
the CMC of surfactants were taking into account, in the
present work, to modify every material and not only
the CEC and ECEC as was reported before by other
authors such as Malekian et al. [41], Jarraya et al. [42]
and Zheng et al. [43].
It was found that C(s) for Z1-BODA, Z1-HDTMA, CB-
BODA and CB-HDTMA was 0.21, 0.19, 1.61 and
1.45 mmol/g. The coverage of surfactant was then esti-
mated by comparing the number of loaded surfactant
with CEC, ECEC and the solution concentration (Csol)
related to de CMC. A graphical representation of surfac-
tant modified solutions and its presumed disposition
onto and inside the materials was plotted in Power
Point considering the surface for zeolite and a laminar
disposal for bentonite (Figure 1(a–d)).
For zeolite modification, the Csol does not allow the
formation of micelles in the solution (Figure 1(a)). The
carbon determination points out the presence of an
incomplete monolayer (Figure 1(b)); however, previously
studies reported the formation of a complete monolayer
[41,44].
Hoseini and Nezamzadeh-Ejhieh suggest that after ion
exchanging of the surfactant organic cations via
ammonium head group with ion exchange sites in the
material, the hydrophobic forces of the chain adsorb
other surfactant cations onto the adsorbed first layer.
In this condition, a semi double layer or double layer
could be formed [45]. Since it has been recognized that
above the CMC the formation of micelles is possible,
the Csol used in bentonite modification allows the for-
mation of micelles [46] as can be seen in Figure 1(c). In
this case, the established surfactant amount is close to
200% of CEC, assuming the formation of a semi double
layer (Figure 1(d)). This result is consistent with previous
works [34].
It is clear that the coverage of materials depended
greatly on the kind of surfactant [47] and that the cover-
age increased with increasing surfactant chain length as
reported by Xie et al. [30]. On the other hand, despite the
presence of aromatic ring in the BODA, the retained
quantity of this surfactant is grater and this is in agree-
ment with Majdan [48], who modified a sodium bento-
nite with HDTMA and BODA, among other surfactants.
The results for CB-BODA and CB-HDTMA indicate that
longer chain length results in higher surfactant adsorp-
tion in the second layer. Similar results have recently
been observed by Li and Gallus [49], who compared
the adsorption of dodecyltrimethylammonium (C12)
and hexadecyl trimethylammonium (C16) onto kaolinite.
3.2. Characterization materials
According to XRD spectrum for untreated zeolite, the
material contains mordenite, clinoptilolite and heulan-
dite (PDF 00-029-1257; 00-047-1870; 00-019-0211,
respectively). The XRD pattern of raw clay had good
agreement to PDF- 00-003-0010 and 00-003-0015, corre-
spond to montmorillonite (bentonite) and to PDF-01-
083-0539 linked to quartz.
In order to identify the surfactant loading on/in the
zeolites, the FTIR spectra of HDTMA and BODA were
taken and compared with materials after and before
the modifications. The FTIR spectra of the BODA, Z1
and the prepared Z1-BODA are shown in Figure 2. The
presence of peaks around 2917 and 2850 cm−1 in
BODA spectrum correspond to asymmetric and
4 H. P. TOLEDO-JALDIN ET AL.
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symmetric stretching vibrations of C–H in the surfactant,
respectively. Absorption bands at around 2913 and
2849 cm−1 in Z1-BODA are not present in Z1 zeolite spec-
trum, confirming the loading of BODA onto synthesized
zeolite. The band at 1468 and 728 cm−1 correspond to
the methylene scissoring mode and methylene rocking
mode [50]. The band at 1468 cm−1 does not distinguish
clearly on the Z1-BODA spectra; however the 728 cm
−1
band appear at 726 cm−1. Bands at 3450 and
1635 cm−1 in IR spectrum of raw zeolite Z1 refer to
water molecules associated with Na and Ca in the chan-
nels and cages of the zeolite structure [51]. All zeolites
revealed a distinct band between 1000 and 1007 cm−1,
resulting from Si–O stretching vibrations [36]. This last
band has not significant changes before and after the
modification, showing that the main structure of the
zeolite and clay remained the same.
In case of pure HDTMA, two principal bands appear at
2852 and 2915 cm−1 (Figure 3). According to Barczyk
et al. [52], they are associated with asymmetric and sym-
metric stretching vibrations of CH2 groups. In the spectra
of clay treated with HDTMA, these bands are shifted
towards lower wavenumbers to 2849 and 2913 cm−1.
Figure 1. (a) Modified solution for zeolites equal CMC of surfactants, (b) Possible arrangement of surfactant onto zeolites forming an
incomplete monolayer, (c) Modified solution for clay above the CMC of surfactant and (d) Possible interlayer arrangement of surfactant
in clay material forming a patchy bilayer.
Figure 3. FTIR spectra of the HDTMA, Z1 and the prepared
Z1-HDTMA.
Figure 2. FTIR spectra of the BODA, Z1 and the prepared
Z1-BODA.
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Sharafzadeh and Nezamzadeh-Ejhieh [53] verified the
loading of HDTMA by the presence of characteristics
bands around 2800 and 2900 cm−1. Two close bands
were observed at 1461 and 1463 cm−1 related to scissor-
ing vibrations of methylene groups. The asymmetrical
vibration of (Si–O) appeared at 1000 cm−1 for Z1 and
Z1-HDTMA [37].
Two bands around 2918 and 2849 cm−1, assigned to
the asymmetric and symmetric stretching vibrations of
C–H in the surfactant, appear in CB-BODA pointing its
presence in the modified material (Figure 4). A weak
band in 1470 cm−1 confirmed the presence of methylene
groups shifted from 1468 cm−1 in BODA spectra. The
presence of an asymmetric stretching mode of Si–O–Si
in original clays and SMC was suggested by the absorp-
tion bands at 1002 and 1004 cm−1, respectively. The
asymmetric and symmetric bending modes of Si–O are
observed at 451 and 455 cm−1 for both the original
clays and modified clays.
Figure 5 clearly indicates the modification of
CB-HDTMA by the presence of the two principal bands
at 2848 and 2912 cm−1.
3.3. Kinetics
The adsorption kinetics were studied to determine the
time required for the system to reach equilibrium. The
results given in Figure 6 showed that the adsorption of
atrazine has gradually increased with contact time in
case of Z1-HDTMA. On the contrary, for the other three
modified materials (Z1-BODA, CB-HDTMA, CB-BODA) the
adsorption increased rapidly in the first hour. The
removal of atrazine by Z1-HDTMA reached equilibrium
at round 8 h. The Z1-BODA reached its maximum adsorp-
tion at 12 h. In case of CB-HDTMA, there is a rapid adsorp-
tion from 0 to 0.25 h, and equilibrium was observed at
8 h. Finally, CB-BODA reached the equilibrium at round
10 h (Figure 6).
According to Zheng et al. [43], the fast removal rate
implies strong interaction between the modified
materials and the atrazine. Based on these results, it is
clear that equilibrium time is less for materials modified
with HDTMA than materials with BODA. This could be a
consequence of a diffusive process between the
adsorbed and the adsorbent material. The chemical
structure of surfactant BODA might hinder the superficial
diffusion of the adsorbed slowing down its flow more
than the HDTMA surfactant. This was demonstrated by
applying the intraparticle diffusion model [54]. A multi
linear graphic for every material showed three linear
zones (graphic it not showed) pointing out the presence
of two different diffusive processes: the diffusion of the
adsorbed through the boundary layer of the particle
(I-Zone) and the intraparticle diffusion (II-Zone). Materials
modified with the largest chain surfactant (BODA)
showed more resistance to atrazine masse transference.
This last result complement results obtained for the
Figure 4. FTIR spectra of the BODA, CB and the prepared
CB-BODA.
Figure 5. FTIR spectra of the HDTMA, CB and the prepared
CB-HDTMA.
0 2 4 6 8 10 12 14 16 18 20 22 24
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
 CB-HDTMA
 CB-BODA
 Z1-HDTMA
 Z1-BODA
q t(
mg
/g)
t(h)
Figure 6. Adsorption kinetic of atrazine onto SMZ and SMC:
10ml-5 mg/L atrazine: 100 mg sorbent: 298 K, pH not adjusted.
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boundary layer of the particle got from the model.
Z1-BODA and CB-BODA have the higher value of bound-
ary layer parameter (Table 1).
The pseudo-first-order and pseudo-second-order
kinetics models were applied to the experimental data
based on the following described equations [55]:
The pseudo-first-order model (Lagergren): In this model,
which is commonly used for homogeneous sorbents and
physical sorption, the sorption rate is proportional to the
solute concentration. If the sorption behavior is pseudo-
first-order, then the experimental results could be
adjusted to the following equation:
qt = qe (1− eKLt), (4)
where qe and qt are the amounts of atrazine adsorbed
(mg/g) in the equilibrium and at time t (min), respect-
ively, and KL (min
−1) is the adsorption constant of
Lagergren.
The pseudo-second-order model: The pseudo-second-
order model is based on the assumption that the rate-
limiting step may be chemisorption, involving valence
forces through the sharing or exchange of electrons
between adsorbent and adsorbate. This model can be
represented in the following equation:
qt = q
2
ekt
1+ qekt , (5)
where qt and qe are the amounts adsorbed at time t and
at equilibrium (mg/g), respectively, and k is the pseudo-
second-order rate constant for the sorption process
(g/mg·min).
The parameters of both models are summarized in
Table 2. The pseudo-second-order kinetic model fitted
better than the pseudo-first-order model, which is
similar to previously published results [56] and [57]. Fur-
thermore, the qe calculated by the pseudo-second-order
model was closer to the values that were experimentally
observed. This indicated that chemisorption was pre-
sented in the adsorption mechanisms of atrazine and
adsorbent materials.
3.4. Adsorption isotherms
Based on the parameters derived from the adsorption
isotherm models, it is possible to analyze materials
surface property and maximum adsorption capacity
(qmax) of each material [58]. The Langmuir isotherm is
mainly applied to monolayer adsorption while the Freun-
dlich isotherm is widely employed for adsorption sur-
faces with non-uniform energy distribution [59]. In this
study, the Langmuir and Freundlich isotherm models
were applied to analyze the mechanism of adsorption
system between atrazine, SMZ and SMC. They are
described below:
The Langmuir adsorption isotherm is
qe = qmaxbCe1+ bCe , (6)
where qe is the amount of atrazine adsorbed per unit
weight of adsorbent (mg/g), qmax is the amount of atra-
zine adsorbed per unit weight of adsorbent in forming
a complete monolayer on the surface (mg/g), Ce is the
concentration of atrazine in the solution at equilibrium
(mg/L) and b is the constant related to the energy or
net enthalpy of adsorption [55].
The mathematical representation of Freundlich
equation is
qe = KFC1/ne , (7)
where qe is the amount of atrazine adsorbed per unit
weight of adsorbent (mg/g), Ce is the equilibrium con-
centration of atrazine in the solution (mg/L), KF is the
equilibrium constant indicative of adsorption capacity
and n is the adsorption equilibrium constant whose reci-
procal is indicative of the heterogeneity of surface
sorbent. This model assumes surface heterogeneity and
exponential distribution of active sites and provides an
empirical relationship between the adsorption capacity
and equilibrium constant of the adsorbent [55].
Based on the results of adsorption isotherms, Lang-
muir isotherms showed the better correlation coeffi-
cients value (Table 3). The qmax is greater for materials
modified with BODA than for materials modified with
HDTMA. It suggested that chain length caused an
increase in the ability for the removal of atrazine,
because the longer chain surfactant has more active
groups, which enhance the adsorption of the pesticide.
It was observed than the materials modified with the
largest chain surfactant has more affinity for the
Table 1. Intraparticle diffusion model parameters for the
adsorption atrazine and organomaterials.
Parameters Z1-HDTMA Z1-BODA CB-HDTMA CB-BODA
kid (mg/(gh
0.5) 0.023 0.005 0.012 0.025
C (mg/g) 0.109 0.178 0.232 0.266
Amount of linear zones 3 3 3 3
Table 2. Kinetic parameters for the adsorption atrazine and
organomaterials.
Sample
Pseudo-first-order Pseudo-second-order
K1 qe
R2
K2 qe
R2h−1 (mg/g) h−1 (mg/g)
Z1-HDTMA 0.67 0.17 0.9696 4.54 0.19 0.9898
Z1-BODA 5.41 0.19 0.7506 63.53 0.19 0.9412
CB-HDTMA 8.00 0.26 0.4433 82.92 0.26 0.9063
CB-BODA 5.92 0.33 0.4538 35.93 0.34 0.9055
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pesticide (Figure 7). According to Xie [30], the influence
of chain length on adsorption of organic solutes could
be interpreted by the fact that longer chain brings
about higher amount of loaded surfactant, more
number of positive charge carried by surfactant, and
create greater hydrophobicity of organic pseudophase
produced by the alkyl carbon chain. The higher
amount of loaded surfactant in CB-HDTMA and CB-
BODA was stated previously.
The adsorption capacity of materials used in this
research was compared with other reported on the litera-
ture (Table 4). Some greater values were found for clays
with similar CEC (0.81 meq/g); however, the character-
istics of the applied surfactant were different [60]. In
case of [57] and [61] the synthetic zeolite and the acti-
vated carbon exhibit a greater CEC and surface area,
respectively, compared to our materials, whereby the
adsorption capacity is greater; however, the synthesis is
more complex or requires more energy. Nevertheless,
the capacity from this work materials are major than
for acid-activated zeolites [62], silica [63] and bark of
Eucalyptus tereticornis L. [64].
Due to the non-polar characteristics of atrazine and
modified materials, it is possible to find two types of
interactions between the adsorbate, SMZ and SMC, i.e.
adsorption and partition [40, 65]. The adsorption is the
retention of a chemical specie on the active sites of the
solid (adsorbent material), which is the stationary
phase. This retention could be a physisorption or a
chemisorption. Furthermore, the partition is a phenom-
enon that takes place between a liquid phase adsorbed
on a solid support and a mobile phase. The liquid
phase covering the material is the stationary phase
where the partition process takes place [66].
In our case, we established the contribution of adsorp-
tion and partition from the total sorption process by
the adsorption/partition model. According to this
model, the total sorption amount (QT) of atrazine can
be defined as
QT = QA + QP, (8)
where QA is the sorption amount contribution by
adsorption and QP is the adsorption amount
contribution by partition. The sorption caused by par-
tition to the total amount of sorption can be calculated
as follows:
QP = Koc · foc · Ce, (9)
where Koc is the organic carbon distribution coefficient
and foc is the organic carbon fraction of the sorbent
and Ce is the equilibrium aqueous concentrations of
the solute (mg/l). According to Batu [67], Koc for s-atra-
zines can be calculated as
LogKoc = 0.94Kow + 0.02, (10)
where log Kow is the octanol-water partition constant,
2.69 for atrazine [68]. The regression of the overall data
may be described as
QT = a · ln Ce + b, (11)
where a and b are the fitted parameters. From Equations
(8), (9) and (11) the sorption amount due to adsorption
mechanism can be deduced as follows:
QA = a · ln Ce + b− Koc · foc · Ce. (12)
A plot of QT, QA and QP against Ce for each material are
shown in Figure 8 and these contributions can be calcu-
lated by functions described in Table 5. As can be seen,
partition process increases linearly with the increasing
of concentrations while adsorption process showed a
CH3 (CH2)15 N+ CH3
CH3
CH3
HDTMA
H37C18 N
+
CH3
CH3
CH2
BODA
Figure 7. Chemical structure of HDTMA and BODA surfactants.
Table 3. Adsorption isotherms of atrazine on organomaterials.
Sample
Langmuir Freundlich
KL
(L/mg)
qmax
(mg/g) R2
Kf
(L/mg)
1/n
(mg/g) R2
Z1-HDTMA 0.0388 0.6731 0.9501 0.0462 0.59 0.9052
Z1-BODA 0.0850 0.9232 0.9014 0.1424 0.44 0.7903
CB-HDTMA 0.0256 3.9121 0.9539 0.1468 0.74 0.9263
CB-BODA 0.0657 4.2448 0.9686 0.3456 0.59 0.9144
Table 4. Adsorption capacities of atrazine compared with
different materials.
Year References Material qmax (mg/g)
2006 [60] Melamine-based organoclay 6.00
2011 [57] Synthetic modified zeolite 11.86
2015 [61] Sludge-based activated carbon 45.49
2010 [62] Acid-activated zeolite-rich tuffs 1.10
2011 [63] Silica 0.42
2016 [64] Bark of Eucalyptus 0.94
2017 This work CB-HDTMA 3.91
2017 This work CB-BODA 4.24
2017 This work Z1-HDTMA 0.67
2017 This work Z1-BODA 0.92
8 H. P. TOLEDO-JALDIN ET AL.
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different behavior. Partition process also increased with
increasing the amount of surfactant at the zeolitic
surface and clay interlayer.
It is clear from the graphics in Figure 8 that two
process take place at the same time (adsorption and
partition); however, at low concentration, the super-
ficial adsorption prevail while at higher concentrations
the opposite process happens. This is likely due to
many superficial free adsorption sites at the beginning
of the process. Nevertheless, as the atrazine concen-
tration increase and the absorption sites become occu-
pied, the removal process is connected with the
hydrophobic phase of the surfactant by a partition
process.
This last observation leads to the conclusion that the
removal of atrazine take place on the hydrophobic tails
of surfactants regardless of its particular characteristics.
4. Conclusions
The length of the surfactant chain is a relevant factor in
the formation of a complete or partial mono or bilayer
after the modification. It is clear that the coverage of sur-
factant increased with increasing surfactant chain length
and deepens greatly of the ECEC and CEC of the
materials. An incomplete bilayer formed in SMC no
matter the surfactant applied and an incomplete mono-
layer in SMZ contrary to previous reports. However, the
adsorption capacity of each material is significant. Con-
sidering the CMC of the surfactants and linking to the
zeolite, external CEC could make the process more effi-
cient reducing reagent quantity.
The material characterization by FTIR was enough to
determine the presence of each surfactant on the
material and some specific signals related to zeolites
and clays.
Classic mathematic models describe a chemical
adsorption onto an heterogeneous surface and this
statement is in agreement with results found by DXR,
where different phases were found in each material.
The atrazine removal is mainly a partition process due
to the hydrophobic organic phase formed by surfactants
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Figure 8. Comparisons of the partition and adsorption contributions to the total sorption amount of atrazine on Z1-HDTMA (a); Z1-
BODA (b); CB-HDTMA (c) and CB-BODA (d). 10 ml atrazine: 100 mg sorbent: agitation time 8, 12, 8, 10 h, respectively: 298 K, pH not
adjusted.
Table 5. Equations for adsorption (QA) and partition (QP).
Sample Partition QP (mmol/kg) Adsorption QA (mmol/kg)
Z1-HDTMA 7.38 Ce 0.51 ln Ce + 2.38 – 7.38 Ce
Z1-BODA 12.38 Ce 1.46 ln Ce + 6.64 – 12.38 Ce
CB-HDTMA 26.35 Ce 4.58 ln Ce + 18.62 – 26.35 Ce
CB-BODA 34.53 Ce 4.07 ln Ce + 20.43 – 34.53 Ce
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tails, which increases with increasing chain length. There-
fore it may be concluded that the hydrophobic inter-
action between the pesticide and aliphatic chains of
BODA is more intense than the interaction with
HDTMA. Almost all the removal process at high concen-
tration of atrazine depends of the partition process but at
lower concentration, it occurs not only by this process
but also by absorption process.
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